Magnetic states and spin-glass properties in BiQ^-jCaQ^MnO^: macroscopic ac 

measurements and neutron scattering. 
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We report on the magnetic properties of the manganite Bi\- x Ca x MnOz (x = 0.33) at low 
temperature. The analysis of the field expansion of the ac susceptibility and the observation of 
aging properties make clear that a spin glass phase appears below T = 39 K, in the presence of 
magnetic order. Neutron scattering shows both magnetic Bragg scattering and magnetic diffusion 
at small angles, and confirms this coexistence. In contrast to Pr\- x Ca x MnOz (x = 0.3—0.33) which 
exhibits a mesoscopic phase separation responsible for a field driven percolation, the glassy and short 
range ferromagnetic order observed here does not cause colossal magnetoresistance (CMR). 

PACS numbers: 75.47.Lx, 75.10.Nr 
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I/INTRODUCTION 

Strong efforts have been made recent years to improve 
the understanding of the properties of manganese oxides. 
It has been clarified that a strong tendency exists to form 
mixed states, when different degrees of freedom, magnetic 
interactions and disorder effects are in competition [lj]. 
An experimental consequence is that magnetic inhomo- 
geneities coexisting over several scales can be observed. 
A particular interest can be found when working with 
compositions which are just between dominant ferromag- 
netic and antiferromagnetic interactions. Indeed, when 
the contribution of ferromagnetic and antiferromagnetic 
exchanges compare, magnetic long range ordering can 
be frustrated and magnetic phases show peculiar proper- 
ties: A spin glass is one of the most celebrated examples. 
Some frustrated magnets exhibit the coexistence of order 
in some sub-lattices with disorder in other sub-lattices 

Among different manganites, the Bi-rich part of the 
phase diagram of Bi\- x Ca x MnO^ has been scarcely in- 
vestigated. It was done some years ago by Bokov et al, 
and more recently by Troyanchuk et al 0, 0]. At low 
temperature, for x < 0.15, ferromagnetic ordering occurs 
and for x > 0.35, the ground state is antiferromagnetic. 
Between these values, the situation can be complex due 
to the competition between magnetic interactions. In 
addition, the extreme sensitivity to the cationic or oxy- 
gen contents plays a role for properties, with the possible 
existence of critical compositions. For x = 0.32, using 
field cooling (FC) and zero field cooling (ZFC) magnetic 
measurements, a spin-glass phase has been proposed for 
T < 40K Nevertheless, there is a priori no need 
for spins freezing to have hysteretic properties. Ther- 
mal hysteresis is observed in canonical spin-glasses, but 
also in conventional ferromagnets which can exhibits a 



broad distribution of potential barriers, in superparam- 
agnets (...). Moreover, canted ferromagnetic states can- 
not be excluded The low temperature properties of 
this phase remains to be investigated in details. 

To say more on the nature of the magnetic states, 
the non-linear susceptibility x-ni is an interesting tool. 
In particular, the spin-glass transition can be robustly 
characterized by a divergence of the cubic component 
of the magnetization, which occurs at the temperature 
of spin-glass order [§}. Xni measurements has been less 
used for proving ferromagnetic or antiferromagnetic tran- 
sitions [7|, but allows to evidence an incipient magnetic 
order (Note that this technique is more usually employed 
for proving a paraelectic to ferroelectric transition, when 
analyzing the high order harmonics of the electric sus- 
ceptibility). A particular interest can be found in the 
case of multicomponent magnetism where, with the lin- 
ear susceptibility only, it is often difficult to prove a phase 
coexistence. Furthermore, since dc measurements do not 
probe kinetic effects which are essential to get the proof 
of glassy properties, an analysis of ac magnetic properties 
is complementary. In the case of manganites, it is par- 
ticularly important to focus on the nature of the disor- 
dered state. For an equivalent doping, Pr\- x Ca x MnOi 
(x=0.30-0.33) shows intriguing properties. The competi- 
tion between ferromagnetic and antiferromagnetic inter- 
actions leads to a phase separation at a quasi-mesoscopic 
scale. This phase separation seems to be responsible for 
the properties of colossal magneto-resistance (CMR), via 
a mechanism of percolation [8J. In our sample, we have 
measured no CMR effect, at least up to 7 Teslas, and it is 
thus interesting to have some information on the nature 
of the disorder. 

In this paper, we present a detailed study of the 
magnetic properties of -Bjo.67Cao.33.MnO3 at low tem- 
peratures. This compound is at the frontier between long 
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range ferromagnetic and anti-ferromagnetic regimes, so 
that a complex coexistence takes place at the sample 
scale. The linear and non linear ac responses show 
the coexistence of of magnetic behaviors take place 
at different scales in the sample. Neutrons scattering 
data evidence magnetic Bragg scattering coexisting with 
small angle diffusion, whose temperature dependence 
indicates a magnetic origin. This confirms the simulta- 
neous existence of order and disorder states of the spins. 

II/EXPERIMENTAL 

The polycrystalline sample Bio^Cao^MnO^ was 
prepared by solid state reaction. The appropriate pro- 
portion of -B«203, CaO, Mn and MnOi powders were 
intimately mixed in an agate mortar. The mixture was 
then pressed in the form of parallelepipeds (2.5 x 2 x 
10 mm 3 ) under 1 t/cm 2 . The parallelepipeds were dis- 
posed in an aluminum oxide finger and sealed in silica 
tubes under vacuum. To improve the crystalline quality 
of the ceramic, an oxygen pressure was imposed in the 
sealed tube by calculating the sample composition with 
3.2 oxygen per formula. At 1050 °C, this pressure is 
about 0.5 MPa. The samples were heated at 1050 °C 
for 24 hours then cooled for 6 hours. The quality of each 
sample was systematically checked. This was made by X- 
ray diffraction using a PHILIPS 1830 diffractometer with 
Cu Ka radiation. Crystalline quality was also checked by 
electron diffraction and cation composition homogeneity 
by EDS on several cristallites (= 20) for each sample. 
The composition deduced from the EDS measurement 
is -Bio.67(3)C a o. 33(3)A/n03. The uncertainty roughly re- 
flects the intrumental resolution, showing a good homo- 
geneity of the samples. Nevertheless, it should be em- 
phasized that the statistical distribution of cations is un- 
avoidable. It becomes really important to account for it 
when dealing with composition close to the frontier be- 
tween two regimes in a phase diagram, as it is the case 
here. One of the effect is that cationic inhomogencitics 
can coexist at small scales: both charge ordered (CO) 
and non CO states, associated respectively to Bi-poor 
and Bi-rich phases, have been seen in a crystallite of 
about 100 nm by electron diffraction and transmission 
electron microscopy. 

Seven sealed tubes, each containing one gram of the 
mixture, were prepared to obtain enough powder for 
neutron diffraction. Neutron Powder Diffraction (NPD) 
data, for the magnetic scattering studies, were collected 
at Laboratoire Leon Brillouin on the G4.1 diffractometer 
(A = 2.425 A, 2.00° < 29 < 82.00° with a step of 0.10 
degree) in the range of temperature 1.5 < T < 300 K 
(step 10 K between 1.5 K and 300 K). The ac and 
dc susceptibility measurements were performed using 
a commercial superconducting-quantum-interference- 
device (SQUID, MPMS quantum design). The applied 
ac field was 1 Oe in order to be in the linear ac regime 



(this was carefully checked), with a frequency ranging 
from 0.7 Hz to 1 KHz. Low to moderate dc magnetic 
fields (0-1000 G) were applied. 

Ill/ MAGNETIZATION MEASUREMENTS 

The dc susceptibility exhibits Curie- Weiss behavior 
X = C/(T — 9p) at high temperature, with dominant 
ferromagnetic fluctuations characterized by a positive 
6p 20.ftT (fig-1), as previously reported 0, @|. A de- 
viation from the Curie- Weiss law when the temperature 
decreases can be observed for T < 140K . Such a round- 
ing of the susceptibility curve is a typical feature of mag- 
netic clustering [Io| . More precisely, growing antiferro- 
magnetism will be proved by neutron scattering, and will 
be discussed below. A thermal hysteresis between field 
cooled and zero field cooled magnetization appears when 

Tmax ^5 39-fiT. 

At low temperature (T = 2K, fig. 2), the magneti- 
zation versus applied magnetic field has a S-shape. A 
small hysteresis can also be observed, with a crossing of 
the up and down branches. This latter feature is typical 
of slow relaxing states (superparamagnetism, disordered 
ferromagnetism with some broad distribution of barri- 
ers, spin glasses.. ). The temperature dependence of 
the field cooling magnetization is not in agreement with 
superparamagnetism. This latter is more characterised 
by an increase of magnetization when the temperature 
decreases, because of the thermal origin of the blocking 
of super spins ll|. In contrast, we observe here a rela- 
tive flat field-cooled magnetization below a temperature 

Tmax ~ 39-fT. 

Disordered systems can be differentiated if one stud- 
ies their dynamic properties. If the kinetic is slow, low 
frequency ac measurements are well adapted. Primary 
characteristics are depicted in the frequency dependence 
of the maximum of x (T). Here, we observe the following 
characteristics: (i) A very small frequency dependence of 
the temperature of the cusp. In addition, a small de- 
pression of the peak of the order of 1% is observed if the 
frequency / is changed from 1Hz to lKHz ac field. A 
phenomenological classification can be obtained through 
the quantity AT /T max A(ln2Tt f) . For a conventional su- 
perparamagnet, a high sensitivity to the frequency should 
be observed, evidencing blocking of independent mag- 
netic clusters. For spin-glasses, cooperativity weakens 
this dependence. One finds 0.003 in the present case, 
(ii) the onset of dissipation proved by a non zero value 
of \ near the same temperatures, (hi) the collapse of 
the dissipation peak for moderate applied magnetic field, 
evidencing strong sensitivity to a magnetic polarisation 
(see fig 3). 

(i), (ii) and (iii) are characteristics of a spin-glass tran- 
sition [6(. We have also observed a logarithmic fre- 
quency dependence in the susceptibility spectrum x(f) 
for T < T max (see fig. 4). Such dependence can be found 
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in the linear response of glassy states, using a classical 
two- level model with a broad distribution of random po- 
tential 
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131 ]. They are thus several clues to associate 
T m ax with a spin-glass transition. 

A more robust proof can arise from the behavior of 
the non-linear susceptibility Xni close to the transition 
temperature [f|. Theoretically, Xni was shown to mimic 
the behavior of the Edward- Anderson (order) parameter 
of spin glasses, and a negative divergence is expected in 
the zero field limit 14|. In practice, a rather sharp peak 
is taken as a good proof of the spin-glass transition. This 
is to be compared with the broad peak observed in the 
case of superparamagnets (l5| . 

To analyze the non-linear susceptibility, we have mea- 
sured the low field expansion of the ac susceptibility. 
Generally, the magnetization can be expanded in power 
of the magnetic field H (for small fields) : 



M = xo-H + xi-H 2 + X2-H" + xz.H 4 



(1) 



In our ac measurements, a small field hoexp(iu>t) of 
typically loe is applied. In the low field limit ho << H, 
one can approximate respectively the ac magnetization 



M (u>) and the ac susceptibility x( w ) 



_ dM(ui) 
dh 



by \U 



M{uj) = xo-ho + 2xi.H.h + 3 X 2-H 2 .h + 4x3-H 3 .h - 



XH = xo + 2xi. H + 3 X 2-H 2 + 4x 3 .ff 3 



(2) 



(3) 



For paramagnetic or spin-glass states, no spontaneous 
moment are present, x is unchanged by the symmetry 
H — > — H and only odd terms can exist in equation (1). 



X(w ) - Xo + 3X2.H 2 + 5 X 4# 4 



(4) 



The high order terms of the expansion are usually neg- 
ligible far from a transition but become important close 
to the critical regime. To analyze the non linear part 
Xni = x( w ) — XOj we have measured the ac susceptibil- 
ity as function of the magnetic field (from to 500 G) 
near T max . As shown in the figure 5, when the tempera- 
ture is slightly higher than T max , the quadratic magnetic 
field dependence of x(w ) is obvious. x( w ) is symmetric 
when the magnetic field is reversed, in agreement with 
the equation (4). A fitting of the data allows to extract 
X 2 whose temperature variation is shown in the fig. 6. 
Clearly, a peak of X 2 is observed at T max . If — X2 is 
plotted as function of e = T — T max /T max in a log-log 
scale, a linear part is observed for e > 0.1 (fig. 7). It is 
consistent with a critical relation %2 = e with here 
7 = 2.4 ± 0.1. A similar exponent has been observed in 
canonical spin-glasses like Ag(Mn) [16j. We note also 



that the typical T -3 dependence of — X 2, predicted in 
the Wohlfarth blocking model of superparamagnets, can 
not describe our data [l5(. Finally, from this analysis, it 
can be concluded that a spin glass transition occurs at 



T — T 

± sg rr 



Nevertheless, a peculiar behavior can be observed for 
T < T sg . The magnetic field dependence of x ( w ) be- 
comes clearly non symmetric if one reverses the magnetic 
field (fig. 5). This implies that the odd terms in equation 
(1) (Xi>X3)"-) should be taken into account. We em- 
phasize that these terms are zero in a purely disordered 
state. Here, the symmetry breaking by field inversion 
implies the existence of magnetic order in the spin glass 
state (Fig. 6). One has to note that our procedure which 
uses the field expansion does not allow to analyze the 
true zero field non-linear susceptibility. Thus, one can 
not completely exclude that this magnetic order comes 
from the incipient polarisation of magnetic clusters, i.e. 
is not present in the zero field limit. Anyway, a broad 
peak appears in the imaginary part of the ac suscepti- 
bility at the same temperature (fig. 3), that can be nat- 
urally attributed to an extra-dissipation in the ordered 
state (magnetic domain walls) . Since this peak is almost 
insensitive to the magnetic field, we think that this is a 
robust indication that the ordered magnetic component 
exists also in the zero field limit. 

A known case of spin glass in competition with mag- 
netic order is the reentrant spin glass. In this case, 
the temperature of long range ordering is higher than 
the temperature of spin glass transition and the disorder 
state appears at the place of the ordered one (two distinct 
peaks in the temperature dependence of the coefficient of 
the X2 term in the susceptibility can be observed [l7j]). 
This is quite different from our situation where magnetic 
order and disorder seems to coexist in the same temper- 
ature range. 

One can wonder if typical spin glass properties can be 
observed even in presence of this magnetic order. We 
have thus performed time-dependent ac susceptibility in 
the linear regime. In spin-glasses, after a temperature 
quench down to the low temperature state, the suscepti- 
bility relaxes very slowly in a manner that depends on the 
time t u spent before cutting the field. In particular, the 
relaxation becomes slower as t u is longer, showing that 
aging occurs 0. If dc measurements are performed, 
a rescaling in (t — t u )P can be observed. In the case 
of ac measurements, the equivalent of the waiting time 
is now the measuring time, which is the inverse of the 
frequency / _1 = (lj/2tt)^ 1 . The scaling becomes actu- 
ally more simple, in a form tot. This is what we have 
observed here for T = 34K and for T = 10K (fig.8). Us- 
ing temperature-cycling experiments (not shown here), 
the aging is observed as cumulative, indicatin g th at our 
system behaves like a so-called superspin glass [19j . This 
shows that, in this sample, the glassy properties are dom- 
inating the macroscopic magnetic properties even in the 
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presence of long range magnetic order [20( ■ 

Finally, using macroscopic measurements, mag- 
netic order and disorder are found to coexist at low 
temperature. Some examples of similar behavior are 
quantum-Heisenberg antiferromagnets [2l| and dilute 
Ising antiferromagnets 22 1. 



IV/ MAGNETIC NEUTRON SCATTERING: EVI- 
DENCE OF LONG RANGE ORDER COEXISTING 
WITH DISORDER. 

A direct confirmation of magnetic order coexisting 
with magnetic disorder in Bio.67Cao.33Mn03 is provided 
by neutron scattering. A diffractogram collected at 1.5K 
is shown in the fig. 9. and is compared with the Rietveld 
refinement. Note that a strong small angle intensity 
(6 < 10.5°) is also observed. This latter can be not con- 
sidered in the Rietveld analysis and its significance will 
be discussed afterwards. To model the complex magnetic 
state, the Rietveld refinement has been performed con- 
sidering two phases: 

1. a charge ordered phase (orthorhombic cell, ap\/2* 
2ap\/2* 2ap with ap ~ 3.9A the cubic perovskite 
cell parameter, space group P2inm) associated to 
an antiferromagnetic ordering (designated phase 1) 
k=(|,Q,0) 

2. a GdFe03 type structure (non charge ordered, 
orthorhombic cell, apy/2 * ap^/2 * 2ap, space 
group Pbnm) associated to a ferromagnetic order- 
ing k=(0, 0,0) (designated phase 2). 

The model proposed leads to a good agreement with 
the data (\ 2 = 5.5, phasel: relative quantity 92(1)%, 



R_Br 



-2.39, Rmaon — 1- 



92(1)%, KBragg — 1-78, R m agn 



phase 2: relative quantity 
5.66) [13. The details 
of the nuclear and magnetic phases parameters are 
not given because this refinement is qualitative con- 
sidering the complexity of the magnetic state of the 
Bio.67Cao.33Mn03. Here, we mention just the main fea- 
tures that are necessary in the present discussion. The 
precise magnetic structure refinement will be discussed 
in details elsewhere. 

The addition of the ferromagnetic ordering associated 
to the non charge ordered phase has been necessary to 
model properly the nuclear peaks. The major phase is the 
non charge ordered one, associated to the ferromagnetic 
ordering, and it represents about 90% of the diffracted 
volume. The correlation length extracted from the re- 
finement for the ferromagnetic phase is about 10 A. A 
correlation length of 620A has been extracted from the 
profile fitting with a Pseudo-Voigt function of the AFM 
Bragg peaks. The weak quantity of the charge ordered 
antiferromagnetic phase (about 10% of the compound) 
do not allow us to refine precisely the antiferromagnetic 
structure. However we can conclude that the antiferro- 



The magnetic moments are along the c-axis with a week 
contribution in the ab-plan and they form ferromagnetic 
zig-zag chains ferromagnetically coupled along the c-axis 
and antiferromagnetically coupled in the ab-plan. 
The setting up of a "long range" antiferromagnetic 
(AFM) order below Tm — 150JT is evidenced by the 
growth of AFM peaks corresponding to the propagation 
vector k = (i,0, 0). The intensity of the AFM magnetic 
peaks saturates under about 40K (see the evolution of 
the integrated intensity of the (^,1,0) magnetic peak on 
Fig. 10). 

In addition, a signal at small angles is observed in the 
NPD data (fig. 9). Its magnitude increases when T de- 
creases (fig. 11). This signal is present over a "large" Q 
range, from the lowest Q up to Q — 0.5 A -1 . Its in- 
tensity is important even at 40K and it saturates below 
this temperature. Magnetic measurements have shown 
that spin glass properties appear under 39K. This tem- 
perature corresponds well to the one where we observe 
the saturation of the diffuse intensity. This small an- 
gle signal can therefore be interpreted as a ferromagnetic 
component with a very small correlation length. In order 
to extract semi-quantitative results, we use the Guinier 
approximation, which is a Gaussian distribution of scat- 
tered intensity. This corresponds to the case of dilute and 
non interacting clusters. This choice is dictated by the 
simplicity of the modeling, which gives a good fit in our 
restricted Q-range. In fact, the small Q-range reached 
with the G4.1 diffractomctcr, that is not an instrument 
dedicated to Small Angle Neutron Scattering measure- 
ment, do not justify a more sophisticated analysis. The 
Guinier expression for Iq is a Gaussian of the form: 



I Q = I exp - (R 3 G Q 2 /3) 



(5) 



magnetic structure is a pseudo CE type structure [24 1. 



where Rq is defined as the radius of gyration of the 
scattering object, and Jo is the intensity at Q = 0. 

With the hypothesis of an isotropic disorder, the scat- 
tering domain can be approximated by a sphere. For 
a sphere of radius R, Rq = \/(3/5)i2, giving here 
R = 0.8 ± 0.08nm. This corresponds to about 1.5x the 
unit cell of the sample, and shows that the magnetic dis- 
order is very local. Note that the correlation length Rq 
does not depend significantly of the temperature (fig. 11). 
In contrast, Iq increases when the temperature decreases, 
and makes a plateau below T$g (fig-H)- Jo depends of 
the magnetic contrast, the number and the volume of 
scattering objects. Since Rq is found to be temperature 
independent, the volume of the scattering objects can be 
taken as a constant. The increase of Iq can be explained 
considering an increase of the number of scattering do- 
mains up to a dense regime which corresponds to the 
freezing temperature. 

Note that to conciliate the magnetic properties and 
NPD results, it appears important to analyse both small 
angle scattering and Bragg scattering. Otherwise, some 
puzzling results, like the existence of spin glass properties 
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without any trace of magnetic disorder (in the presence 
of only magnetic Bragg peaks), are reported [25 1. 

The existence of a Griffith phase in manganites has 
recently received several experimental supports [26| . A 
Griffith phase can be observed in the presence of a ran- 
dom distribution of magnetic interactions, ft can be ex- 
pected in dilute ferromagnets if the temperature is be- 
tween the temperature of the pure (non dilute) system T p 
and the temperature where long range ordering emerges. 
It was also argued that the competition between two or- 
dered phases favors a Griffith phase 27). Experimen- 



tal signatures of a Griffith phase are the observation of 
magnetic clusters (with a long tail distribution) and an 
anomalous form of the susceptibility due to the non an- 
alytic thermodynamic functions, even far above T c . In 
our case, we observe ferromagnetic entities (clusters) in 
a globally paramagnetic phase at a high temperature, 
and the emergence of magnetic order when the temper- 
ature is decreased. Nevertheless, we do not observe a 
magnetic susceptibility exponent less than unity in the 
low field limit (x^ 1 oc (T — T c ) 1 - X with < A < 1 ). 
Moreover, the superparamagnetic like form temperature 
dependence of the low angle magnetic intensity and the 
constant correlation len gth that we observe are not in 
favor of a Griffith phase [2§|. 

In conventional metallic spin glasses, the randomness 
arises from the dilution of magnetic ions in a param- 
agnetic matrix. An analogy can be proposed for our 
sample. BiMn0 3 is known to be ferromagnetic when 
Bi\- x Ca x Mn0 3 is antiferromagnetic up to i > 0.35 
0. The results presented in this paper show that the 
BiQ.QiCao.ysMnOz compound presents AFM domains 
with a correlation length of 620A and ferromagnetic do- 
mains at the scale of the unit cell. Such a low fer- 
romagnetic correlation length can be understood with 
a schematic picture of unit cells close to ferromagnetic 
BiMn0 3 which are randomly distributed in an antifer- 
romagnetic (Bi,Ca)Mn03 matrix (fig. 13). In our sample, 
the neutron diffraction data and the HREM pictures have 
indeed shown that the occupation of the Bi and Ca sites 
is random. In the (Ln, Ca)Mn0 3 with Ln = Pr, Sm 
[29I ] , the stability limit of the charge ordering is linked to 
a phase separation between mesoscopic FM and AFM do- 
mains. In such a case, the application of magnetic fields 
induces a percolation of the FM domains Q . In our sam- 
ple, the ground state is a spin glass, which is quite differ- 
ent from a phase separation state. The ferromagnetism 
develops only at one unit cell, and the application of very 
low magnetic fields favors the AFM domains against the 
spin glass state. This can be relied on the peculiar robust- 
ness of the AFM state in [Bi, Ca)Mn0 3 which shows a 
very high critical field (B c « 56T) [3(| . The percolation 
is considered to be essential to observe the CMR effect. 
In our sample, since the spin glass ground state is in- 
consistent with an evolution towards a percolation, the 
CMR effect is not expected. This is in agreement with 



our measurements (not shown), that do not report any 
CMR in Bi a . &7 Ca . 33 MnO 3 up to 7T. 

To conclude, BiQ^Cao. 33 Mn0 3 shows a complex 
magnetic behavior at low temperature. Ac macroscopic 
measurements prove spin glass properties. This implies 
the existence of magnetic frustration likely caused by 
the competition of ferromagnetic/antiferromagnetic ex- 
change interactions. In addition, the susceptibility has 
symmetry breaking by field inversion in the spin glass 
state, showing that magnetic order coexists with the spin 
glass order. Consistently, neutron scattering evidences a 
ferromagnetic correlation length of less than lnm, which 
exists even in the presence of antiferromagnetic order. 
Contrarily to the phase separation observed at largest 
scale in other manganites, the spin glass ground state 
does not allow the CMR effect in Bio^Cao. 33 Mn0 3 . 
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FIG. 1: Susceptibility of Bii- x Ca x MnOs (x = 0.33) as func- 
tion of the temperature (Field cooling and zero field cooling 
with H = 100 Oe). In the inset is shown the inverse of the 
susceptibility as function of the temperature. 
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FIG. 2: Hysteresis cycle of the magnetization at T w 2if . In 
the inset is shown the crossing of the up and down branches, 
what is characteristic of slow relaxation during the measure- 
ments. 



FIG. 3: Imaginary part of the susceptibility as a function of 
the temperature. Note the collapse of the dissipation peak at 
T w 39K for low to moderate applied field. Note also that 
for T < 30K, a second and broad peak emerges and that this 
latter is robust to the application of a magnetic field. 
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FIG. 4: Frequency dependence of the normalized real part of 
the ac susceptibility (Bdc = 10C?). The top curve is in the 
paramagnetic regime regime (T = 45if), the bottom curve is 
at low temperature (T = 10K) and exhibits logarithm depen- 
dence typical of glassy states. 




FIG. 5: Low field variation of \ f° r different temperatures. 
The solid line is a fit using the power-law expansion (equa- 
tion (2)). Note the symmetric magnetic field dependence 
in the paramagnetic state close to the spin-glass transition 
(T = 44isT, H 2 correction) and the breaking of the symmetric 
response implying the existence of a spontaneous magnetic 
moment (T = 36K). 
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FIG. 6: Temperature variation of xi and \2, the first param- 
eters of the non-linear susceptibility. 
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FIG. 7: |x2 ! as a function of e = (T — Tsg) /Tsg in a log-log 
scale, and showing the power-law dependence [%2| ~ e 1 for 
e > 0.08, with 7 = 2.4 ± 0.1. 
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FIG. 8: Scaling of the linear part of the ac susceptibility, 
showing aging properties. The frequencies are / = u/2n — 
10, 5, 1 and 0.07Hz, B = 10G. 
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FIG. 9: Bio.67Cao.33MnC>3 : Magnetic structure refined with 
the FullProf Suite of programs from neutron diffraction data 
collected at 1.5K on the LLB G4.1 diffractometer. The Bragg 
positions of the peaks (unit cell apy/2 * 2apy/2 * 2ap) for 
each phase are indicated by small vertical line: a) for the 
non charge ordered phase (phase 1), b) for the charge ordered 
phase (phase 2), c) for the ferromagnetic order associated to 
the non charge ordered phase (magnetism of phase 1, prop- 
agation vector K=0), d) for the antiferromagnetic order as- 
sociated to the charge ordered phase (magnetism of phase 2, 
propagation vector K=0.5 a*) 
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FIG. 10: Scattered intensity as a function of the tempera- 
ture of the second AFM Bragg peak indexed (^,1,0) in the 
ap\/2*2ap\/2*2ap cell (with ap ~ 3.9 Athe cubic perovskite 
cell parameter). The peak emerges at T ~ 1507^, where a de- 
parture from the ideal Curie- Weiss law can be observed in the 
figure 1. 
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FIG. 11: Scattered intensity at small angles as function of Q 
for different temperatures. The dashed line is a fit using the 
Guinier approximation (equation (5)). 
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FIG. 12: a/Top: Jo as function of the temperature and b/ 
Bottom: Re, the gyration radius of the scattering domain, 
as function of the temperature. Note the plateau of 7o below 
T — 40K, corresponding to the spin glass domain. Rg is 
roughly constant over the 1 — 300K temperature range. 




FIG. 13: Schematic picture of Bi rich unit cells, with dom- 
inant ferromagnetic interactions, randomly distributed in an 
antiferromagnetic (Bi,Ca)Mn03 matrix. 



